Membrane fouling can be divided into two types: reversible fouling and irreversible fouling. The former can be easily canceled by physical cleaning (e.g., backwashing) while the latter needs chemical cleaning to be mitigated. For more efficient use of membranes, the control of irreversible membrane fouling is of importance. In this study, the effectiveness of pre-coagulation/sedimentation on irreversible membrane fouling was investigated, based on the pilot-scale operation of the membrane unit installed at an existing water purification plant. The membrane employed was a low-pressure ultrafiltration (UF) membrane made of polysulfone and having a molecular weight cut-off of 750,000 daltons. Although pre-coagulation/ sedimentation significantly mitigated membrane fouling mainly through the reduction of reversible membrane fouling, the degree of irreversible fouling was not reduced by the pre-treatment. This was because the irreversible fouling observed during this study was mainly attributed to polysaccharides/protein like fractions of organic substances that cannot be efficiently removed by coagulation/sedimentation. Aluminium used as coagulant was thought to cause irreversible fouling to some extent but did not in the pilot operation, which could probable be explained by the fact that coagulation was conducted at relatively high pH (7.0) in this study.
Introduction
The main limitation to the use of membranes in drinking water treatment is its high energy consumption that can mainly be attributed to membrane fouling developed over long term operation. To date, significant effort has been dedicated to control membrane fouling. Several physical membrane cleaning methods such as backwashing, high crossflow velocity or scouring with air bubbles have been suggested and routinely practiced in many of existing low-pressure membrane plants to minimize membrane fouling. Over long terms of operation, the membrane filtration resistance gradually increases and is not totally reduced by the physical cleaning procedures mentioned above. Such filtration resistance can only be overcome by the use of chemical reagents, and here defined as irreversible membrane fouling. Chemical cleaning of a membrane to reduce or eliminate the irreversible membrane fouling should be limited to a minimum frequency because repeated chemical cleaning may affect membrane life, and disposal of spent chemical reagents poses another problem. Thus, the control of the irreversible membrane fouling is of importance for more efficient use of membranes.
In our previous study (Kimura et al., 2004) , a membrane that had experienced longterm filtration of a surface water used as drinking water source, was investigated in terms of the recovery in water permeability by chemical cleaning and the composition of membrane foulant desorbed from the membrane. Based on the results obtained in that study, it was concluded that polysaccharide-like organic compounds were mainly responsible for the evolution of irreversible fouling. In that study, it was also hypothesized that pre-coagulation/sedimentation would not be effective for controlling irreversible fouling because such processes do not remove polysaccharides efficiently (Tambo and Kamei, 1978) .
In this study, a pilot-scale membrane filtration experiment was carried out with the same surface water as the previous study (Kimura et al., 2004) in order to investigate the effect of pre-coagulation/sedimentation. The degree of, and the constitutents responsible for, irreversible fouling were investigated and compared with the results obtained in the previous work. In addition, coagulant used in pre-treatment might cause irreversible fouling as well and therefore the degree of the fouling due to aluminium was also evaluated. Based on the results obtained in this and the previous studies, effect of pre-coagulation/ sedimentation on mitigation of irreversible fouling will be discussed in this paper.
Materials and methods

Pilot plant and operation
Long-term (3 month) membrane filtration was continuously carried out at an existing drinking water treatment facility (Kami-Ebetsu water purification plant, Ebetsu, Japan). In this study, the pilot-scale rotating membrane disk module (Hitachi Plant and Construction, Tokyo, Japan) equipped with a polysulfone UF membrane (molecular weight cut-off (MWCO): 750,000) was used. Details and characteristics of the experimental site and the membrane module used in this study are described elsewhere (Kimura et al., 2004 (Kimura et al., , 2001 Okuma et al., 1994) . Pre-coagulation/sedimentation was carried out by dosing poly aluminium chloride (PACI). Dosing rate was fixed at 5 mg-A1/L and coagulation pH was controlled to be around 7.0 by adding sodium hydroxide. Membrane filtration was carried out in the constant permeate flow (flux) mode. Therefore, as the operational period became longer, the transmembrane pressure difference increased. The continuous operation was carried out from Oct. 15, 2002 to Jan. 10, 2003 . The permeate flow rate was set at 0.5 m 3 /m 2 /d. The disk rotational speed was fixed at 20 rpm. Intermittent filtration (30 minutes operation and 2 minutes pause) was carried out. The water recovery rate, defined as the ratio of flow rate of permeate to flow rate of feed water introduced to the membrane chamber, was fixed at a low level, 0.15 (15%). When the transmembrane pressure difference excessively increased, physical membrane cleaning was carried out to reduce the pressure and continue the operation. In this study, 60 minutes of sponge cleaning (Kimura et al., 2000) , introducing sponge particles and increasing the disk rotational speed, was employed as the physical membrane cleaning procedure. This cleaning method sufficiently removes the accumulated cake from the membrane surface, resulting in almost complete elimination of reversible membrane fouling (Kimura et al., 2000) .
Chemical cleaning of the fouled membrane
The membrane specimens that had suffered from irreversible fouling through the 3 months operation were removed from the membrane module. Sponge cleaning was carried out just prior to taking out the membrane specimens. The membranes were immediately brought to the university laboratory in a container filled with distilled water and cut into a shape (60 cm 2 ) fitting a bench scale cross-flow membrane test cell (Nitto-Denko, C10-T, Osaka, Japan). Then the surface of the membrane specimen was gently wiped with a sponge and rinsed with distilled water thoroughly, a step carried out to minimize the influence of the accumulated cake causing reversible fouling in the subsequent tests. By visual inspection, no accumulated cake was recognized on the membrane after wiping. Therefore, it was considered that only irreversible fouling was examined. After measuring pure water (Milli-Q water) permeability by using the bench scale unit, the membrane specimens were soaked in various types of chemical solutions (100 mL) for 24 hours at an ambient temperature (20 8C). Then, the chemical solution, which contained the foulant desorbed from the membrane was analyzed in terms of organic and inorganic constituents. In addition, the recovery in the pure water (Milli-Q water) permeability by the chemical cleaning was determined by using the bench scale unit.
Analytical methods
Concentrations of total organic carbon (TOC) and dissolved organic carbon (DOC) were determined by a TOC analyzer (Shimadzu, TOC-5000 ). UV absorbance was measured by a spectrophotometer (Hitachi, U-2000) after adjusting pH of the samples to neutral and filtering them with a 0.45 mm PTFE filter. The measurement of proteins was carried out by the Lowry method (Lowry et al., 1951) . BSA was used as a standard. The phenolsulfuric acid method of Dubois et al. (1956) was applied for carbohydrates determination. Glucose was used as a standard. To obtain information on organic matter from different aspects, the excitation-emission matrices (EEMs) of the samples were generated by using a fluorescence spectrophotometer equipped with 150 W ozone-free xenon lamp (Shimadzu, RF-5300PC). Samples were diluted with Milli-Q water so the optical density at 300 nm was , 0.02 (Green and Blough, 1994) . Concentrations of metals were determined by ICP-AES (Shimadzu, ICPS-7500). FTIR spectra of the fouled and cleaned membranes were obtained by using an ATR-FTIR spectrophotometer at 2 cm 21 resolution (Thermo Nicolet, AVATAR320).
Result and discussion
Long-term membrane filtration at the drinking water facility Table 1 shows the characteristics of the raw water, the feed water (after coagulation/sedimentation), and the permeate during the long-term operation. By carrying out the pre-treatment, turbidity, TOC, UV absorbance (measured at 260 nm), and iron were efficiently removed while manganese and calcium were not significantly removed. In contrast, concentration of aluminium in the feed water increased compared with the raw water. This was due to addition of aluminium coagulant. Further removal of organic mater through membrane filtration was insignificant, as coagulation/sedimentation had already removed large organic matter that could be removed by the UF membrane used in this study. Concentrations of iron and aluminium were reduced to very low levels by membrane filtration because of strict separation of particles. Figure 1 shows the time course change in the transmembrane pressure difference. The data shown in Figure 1 were adjusted to 20 8C equivalent value considering the change in water viscosity. As the operational period became longer, the pressure difference increased due to membrane fouling. Compared to the previous work carried our without the pre-treatment (Kimura et al., 2004) . Increase of pressure difference was much slower although the same membrane flux (i.e., 0.5 m 3 /m 3 /d) was set in this study. Compared with the previous study, frequency of physical cleaning (e.g., sponge cleaning) was significantly reduced in this study. Sponge cleaning was carried out only twice over 3 moths of operation in this study while it had been almost weekly carried out in the previous work (Kimura et al., 2004) . As seen from Figure 1 , the value of the pressure recorded immediately after sponge cleaning gradually increased. This trend indicates that Table 1 Characteristics of the raw water, the feed water, and the permeate irreversible membrane fouling was becoming significant during operation. Pressure difference due to the irreversible fouling observed in the previous work, determined from the recorded values of the pressure immediately after the sponge cleaning, is also plotted as a bold line in Figure 1 . As seen from Figure 1 , there is no significant difference between the two operations in terms of the evolution of irreversible fouling. This means that precoagulation/sedimentation did not mitigate irreversible fouling, as was hypothesized. Mitigation in membrane fouling associated with pre-coagulation/sedimentation can consequently be attributed to reduction of reversible fouling.
Membrane cleaning with chemical reagent Figure 2 shows the degree of the restoration of the fouled membranes in terms of the pure water permeability by chemical cleaning. In Figure 2 , the ratio of the pure water flux after chemical cleaning (J 1 ) to the flux before chemical cleaning (J 0 ) is used to express the degree of flux restoration. As described earlier, chemical cleaning was conducted after manually removing the cake accumulated on the membrane. Therefore, it can be considered that the restoration shown in Figure 2 , represents the removal of the foulant causing irreversible membrane fouling. As can be seen from Figure 2 , it was found that NaCl were not effective in mitigation of the irreversible fouling and that effect of chelating agent (EDTA) and acid (HCl and oxalic acid) was very limited in this study. It is shown that alkaline solution (NaOH) was more efficient than the chelating agent the acid solutions in recovering membrane permeability. The oxidizing agent (NaClO) exhibited the best cleaning performance among the tested chemicals. These results imply that the irreversible fouling was caused mainly by some fractions of organic substances rather than inorganic ones. After carrying out each chemical membrane cleaning, 100 mL of each chemical solution was analyzed with respect to organic and inorganic substances. Table 2 summarizes the results. EDTA and oxalic acid themselves interfere with measurements of TOC and UV absorbance and therefore the corresponding value are not listed in Table 2 . The value of UV absorbance with respect to NaClO is not indicated in Table 2 , either, because the desorbed organic matter would not be intact due to oxidation. As described in the previous section, NaOH and NaClO were effective in mitigation of irreversible fouling developed in this study. Compared to the metals, more organic substances were desorbed in chemical cleanings using NaOH and NaClO. Therefore, a sort of organic substance was thought to mainly cause irreversible fouling in this study. As a result of pre-coagulation/sedimentation, the feed water contained significant amounts of aluminium and therefore it was expected to cause irreversible fouling to some extent. In the pilot operation, however, irreversible fouling due to aluminium seemed to be insignificant. This was probably because pH of coagulation was set at relatively high level (i.e., 7.0) in the pilot operation. According to the results obtained in the cross-flow filtration tests with laboratory jar-tests (data not shown), coagulation conducted at higher pH would not cause severe irreversible fouling because of less production of aluminium particles whose size is close to the pore size of the membrane (i.e., 0.03 mm) while coagulation at lower pH (e.g., 6.0) significantly caused irreversible fouling due to formation of aluminium particles whose size was close to or smaller than the pore size of the membrane used.
EEM of the organic substance desorbed from the fouled membrane As described above, a significant amount of organic matter was desorbed form the fouled membrane by the alkaline cleaning. The desorbed organic matter, which should reflect the characteristics of the organic matter causing the irreversible fouling, was compared with the organic matter in the feed water (after pre-coagulation/sedimentation) in terms of the difference in EEms. Figures 3 and 4 show EEMs of the feed water and the organic matter desorbed in the alkaline cleaning test, respectively. Comparing Figures 3 and 4 , it is obvious that organic matter in the feed water and the one desorbed by alkaline solution from the fouled membrane had quite different compositions. Leenheer (1981) proposed a fractionation method that divided dissolved organic matter into six different fractions (i.e., hydrophobic acid, hydrophobic base, hydrophobic neutral, hydrophilic acid, hydrophilic base, and hydrophilic neutral) depending on chemical characteristics. Based on the fractionation method proposed by Leenheer (1981) , the authors fractionated the organic substances contained in the raw water used in this study and determined the location of the major peaks appearing in EEm attributed to each fraction (Kimura et al., 2004) . According to that, it was found that neutral fraction was dominant in the desorbed foulant while hydrophobic acid fraction (such as humic acid) was dominant in the feed water.
Analysis of the fouled and the cleaned membranes by FTIR FTIR is an analytical method that gives us information on the functional groups of the organic matter of interest. In this study, FTIR spectra of the membranes with/without chemical cleaning were obtained. Comparisons of these spectra should give insight into what types of organic matter cause the irreversible fouling. FTIR spectra of the membrane without chemical cleaning and the membrane cleaned with NaClO are presented in Figure 5 . It should be noted here that many of the peaks in Figure 5 are attributed to the membrane itself as well as to the foulant on the membrane. The difference between the two spectra indicates the feature of the foulant that was removed from the fouled membrane by NaClO, which exhibited the best cleaning performance (Figure 2 ). Major differences are found near 1050 cm 21 , indicating that polysaccharide character was significant in the foulant. Relatively small differences found near 1660 cm 21 and 1540 cm 21 are indicative of the presence of protein in the foulant. No significant difference can be found near 1720 cm 21 , 1600 cm 21 , and 1400 cm 21 , where absorbance due to acidic content would appear (Leanheer, 1981; Croué et al., 2003) . This suggests that acidic content such as humic acid was not dominant in the foulant that caused irreversible fouling, which is in accordance with the observation with EEMs.
Conclusions
As a successive part of the previous study (Kimura et al., 2004) , the effect of pre-coagulation/sedimentation on mitigation of irreversible membrane fouling during ultrafiltration of a surface water was investigated based on the pilot-scale experiment. Compared with the previous work, implementation of pre-coagulation/sedimentation significantly mitigated membrane fouling mainly by the reduction of reversible type of membrane fouling. However, the degree of irreversible fouling was not reduced by the pre-treatment. This was because irreversible fouling caused by filtering the surface water examined in this study was mainly attributed to polysaccharides/protein like fractions of organic substances that cannot be efficiently removed by coagulation/sedimentation. Analysis carried out in this study confirmed that irreversible fouling was caused by those types or organic compounds even when pre-coagulation/sedimentation was implemented. Aluminium used as coagulant was thought to cause irreversible fouling to some extent but did not in the pilot operation. This was probably because coagulation was conducted at relatively high pH (7.0) in this study. If coagulation using aluminium salt is carried out as pre-treatment of membrane filtration at a low pH in order to more DOM, irreversible fouling due to coagulant itself might be a problem.
